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Abstract
Based on two case studies, the impact of ice cover on local scour around bridge piers is
presented in this chapter. Bed material with different grain sizes is used and ice covers
with different roughness is used to study the scour characteristics. The impact of nonuni‐
formity of sediment is also investigated. Results show that with the increase in densimet‐
ric Froude number, there is a corresponding increase in the dimensionless scour depth.
For nonuniform sediment, due to the formation of an armor layer, less maximum scour
depth was noted around bridge foundation structures compared to uniformly distributed
sediment. The increase in ice cover roughness results in a larger scour depth and geome‐
try. The results indicate that it is imperative to pay attention to the impact of ice cover on
the scour around hydraulic structures.
Keywords: ice cover, local scour, non-uniform sand, bridge abutment
1. Introduction
1.1. Sediment transport around hydraulic structures
Sediment transport embodies the processes of erosion, entrainment, movement, and deposi‐
tion. In nature, these processes are always present. Although there are many types of sediment,
fluvial sediment is one of the most common. It comprises sediment accumulated by the erosion
of rock and mineral particles that are transported by flowing water. The process of erosion is
complex and plays a vital role in the formation of different landscapes of the world we live in.
Statistics show that thirteen of the large rivers in the world carry sediment loads in excess of
5.8 billion tons annually [5]. In addition to producing large quantities of sediment, erosion also
causes other problems such as the pollution of water body and altering the runoff conditions.
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Additionally, from the perspective of hydraulic engineering, sediment transport can result in
serious on-site damage to hydraulic structures such as bridge abutments, bridge piers, spur
dikes, etc.
The presence of a hydraulic structure in a river introduces the phenomenon of local scour. The
interaction between flow and structures has been an actively researched topic in the past
decade. Reynolds stress is an important parameter to quantify the suspended load of sediment
transport, while the bed shear stress is pertinent to determine the bed load of sediment
transport. Kuhnle et al. [14] examined the three-dimensional flow field around a submerged
spur dike. An amplification factor of bed shear stress 3 was found. Duan et al. [7] measured
the flow and turbulence around an experimental spur dike in a flat and scour bed. Differences
of mean velocity, turbulent intensity, and Reynolds stresses between those two flow fields
were analyzed. The bed shear stress calculated from the Reynolds stresses was 2-3 times that
of the incoming flow. Since the abutment and spur dike have similar contraction impact on
the flow, all the three studies showed similar amplification factor of bed shear stress in open
channel flow.
1.2. Impact of ice cover
Extensive studies have been conducted to study the local scour around structures in the past
few decades. However, most of the previous studies were focused on flow in open channels.
The impact of ice cover on local scour has not been well understood. For many regions in the
northern hemisphere, winter may last up to six months. Figure 1 shows the ice cover around
Ambassador Bridge, Windsor, Canada, which is located on the Detroit River. It can be seen
from Figure 1 that the region around the pier is completely covered by ice. The presence of the
ice cover affects the flow characteristics of the river. Hence, further research on the impact of
ice cover on the local scour around bridge piers becomes important.
As pointed out by Morse and Hicks [21], fundamental problems of ice engineering are
primarily related to ice jams, floods, and transportation over ice. River ice hydrology has been
an implicit part in ice engineering. Some studies on ice engineering research can be found in
the references [1,12,22,9,21,23,26,30,32]. To date, the mechanism of local scour around bridge
abutments and piers under ice cover is still not well understood.
Lau and Krishnappan [15] used the k-ε turbulence model to numerically determine the velocity
distribution and suspended load transport under ice cover. The assumption was that the ice
covered flow can be treated as two-layer flow which is divided at the location of maximum
velocity. Based on the assumption that the mechanics of bed-form formation is the same for
open and ice covered channels, Smith and Ettema [27] developed a method from flume data
for estimating the flow resistance in ice covered channels. Ettema et al. [8] proposed a different
approach to estimate the sediment transport under ice cover by using the procedures from
open channel flow. The variation of ice cover roughness and flow cross sections under ice cover
can limit the accuracy of this method. Ettema and Daly [9] conducted a series of flume
experiments on the sediment transport under ice cover. Since the flow distribution is substan‐
tially modified by ice cover, the sediment transport under ice cover is hard to estimate. Sui et
al. [26] conducted a series of flume experiments for the incipient motion under different flow
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and boundary conditions. The influence of ice cover roughness has been assessed. They found
that the slope of ice cover has a great impact on the critical dimensionless shear stress for the
river sediment motion.
 
 
α






Figure 1. The ice cover around bridge piers (Ambassador Bridge, Windsor, ON, Canada, 2015)
1.3. Impact of nonuniformity of sediment
Incipient motion of the particles is an important criterion that determines the motion of the
sediment particles. When the flow attains or exceeds the criteria for incipient motion, sediment
particles along the alluvial channel start to move. As defined by Yang [33], if the motion is
rolling, sliding, or jumping along the bed, it is called bed load transport. If the particle is
supported by the upward components of turbulent currents and stays in suspension, it is called
suspended load transport.
For nonuniform sediment, no single critical grain diameter can be determined to distinguish
which size of sediment moves and which does not for any specific conditions. Therefore, the
incipient motion of bed material is also the beginning of armor process of the bed surface [5].
With the development of an armor layer, further sediment transport is inhibited. Since
nonuniform sediment makes up the typical bed composition in natural rivers, the study of the
impact of nonuniformity has to be considered with the formation of armor layer.
The forces acting on a sediment particle at the bottom of the scour hole under ice cover are
shown in Figure 2. In natural rivers, the velocity profile is similar to the one shown in Figure
2, which exaggerates the impact of ice cover. Herein, the figure is used to show the impact of
ice cover on velocity profile around bridge piers and abutments.
For most natural rivers, the river slopes are small enough that the component of gravitational
force acting on the particle in the direction of flow can be neglected. As shown in Figure 2, the
forces to be considered related to the incipient motion are the drag force FD, lift force FL,
submerged weight W, and the resistance force FR. The angle of the scour hole with vertical
abutment is α.
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A sediment particle is at a state of incipient motion when the following conditions have been
satisfied:
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From existing literature it is apparent that studies on local scour around hydraulic structures
under ice covered conditions with nonuniform sediments are limited. The effects of ice cover
and nonuniformity have to be considered in the analysis of local scour. In this chapter, Equation
(1) and Figure 2 are used as the basis for analysis of incipient motion under ice cover. The force
analysis of a particle under ice cover is conducted by introducing the armor layer particle size.
At the end, dimensionless shear stress is calculated by using ADV (Acoustic Doppler Veloc‐
imetry) data.
Figure 2. Incipient motion in the scour hole under ice cover (modified by [30])
2. Case studies
2.1. Experimental setup and measurement
The first case study was conducted in a 40-m long, 2-m wide, and 1.3-m deep flume with two
sand boxes. The flume is a large-scale flume located at Quesnel River Research Center, BC,
Canada. The aim of this case study was to investigate the ice cover impact on bridge abutment
with nonuniform sediment. Smooth and rough ice covers were used. Styrofoam is commonly
used to simulate ice cover in both case studies. Two different nonuniform sediments were used
with D50 of 0.58 mm and 0.47 mm, respectively. The geometric standard deviations (σg) were
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all larger than 1.4 for the sediments, hence they can be treated as nonuniform sediment. The
D90 of the two sediments was 2.57 mm and 1.19 mm, respectively. The sieve analysis of
sediments can be found in Figure 3. Square and round abutment models were made with an
equivalent diameter of 200 mm. A constant blockage of 10% was used for all experiments.
Table 1 summarizes the running conditions. In all, 36 experiments were conducted.
Abutment type Cover condition D50 (mm) Water depth (m) Approaching velocity (m/s)
Square Open 0.58 0.07 0.26
Square Open 0.58 0.07 0.21
Square Open 0.58 0.19 0.21
Round Open 0.58 0.07 0.21
Round Open 0.58 0.19 0.23
Round Open 0.58 0.07 0.26
Round Smooth 0.58 0.07 0.23
Round Smooth 0.58 0.19 0.20
Round Smooth 0.58 0.07 0.20
Square Smooth 0.58 0.07 0.20
Square Smooth 0.58 0.19 0.16
Square Smooth 0.58 0.07 0.23
Square Rough 0.58 0.07 0.22
Square Rough 0.58 0.07 0.20
Square Rough 0.58 0.19 0.14
Round Rough 0.58 0.07 0.20
Round Rough 0.58 0.19 0.20
Round Rough 0.58 0.07 0.22
Square Open 0.47 0.07 0.26
Square Open 0.47 0.07 0.21
Square Open 0.47 0.19 0.21
Round Open 0.47 0.07 0.21
Round Open 0.47 0.19 0.23
Round Open 0.47 0.07 0.26
Round Smooth 0.47 0.07 0.23
Round Smooth 0.47 0.19 0.20
Round Smooth 0.47 0.07 0.20
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Abutment type Cover condition D50 (mm) Water depth (m) Approaching velocity (m/s)
Square Smooth 0.47 0.07 0.20
Square Smooth 0.47 0.19 0.16
Square Smooth 0.47 0.07 0.23
Square Rough 0.47 0.07 0.2
Square Rough 0.47 0.07 0.20
Square Rough 0.47 0.19 0.14
Round Rough 0.47 0.07 0.20
Round Rough 0.47 0.19 0.20
Round Rough 0.47 0.07 0.22
Table 1. Summary of Case 1
H Surface condition Test Number D (mm) H/D D/D50
(mm)
108
Open channel
A1 16 6.8 31
A2 30 3.6 59
A3 42 2.6 82
A4 90 1.2 176
Ice cover
B1 16 6.8 31
B2 30 3.6 59
B3 42 2.6 82
B4 90 1.2 176
Table 2. Summary of Case 2 (H represents flow depth; D is the pier diameter)
In each experiment, a 10 MHz SonTek ADV was used to measure the 3D flow velocity in the
vicinity of abutments. For the ADV measurement, two values were used to ensure the
measurements can provide an accurate representation of the flow velocity: signal-to-noise ratio
(SNR) larger than 15 db and the correlation (COR) between 70% and 100%. Then, the data were
analyzed by WinADV (Wahl, 2000). However, due to the limitations of ADV, the velocity
profile close to the ice cover could not be measured.
The second case study was conducted at the Sedimentation and Scour Study Laboratory at the
University of Windsor. The flume has a dimension of 12 m long, 1.2 m wide. The aim of this
study was to investigate the ice cover impact on scour around a bridge pier. Only one type of
ice cover and one uniform sediment with D50 of 0.51 mm was used. The sieve analysis of
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sediment is presented in Figure 4. Four pier diameters and one water depth was selected for
comparison. In all, 8 experiments were conducted. Table 2 summarizes the test conditions in
the case study. This study aims to investigate the ice cover impact around bridge piers with
uniform sediment. A test period of 48 hours was selected to achieve near-equilibrium condi‐
tions. After each experiment, the scour profile and scour pattern were measured by using a
laser point gauge.
Figure 4. Sieve analysis of sediments used in Case 2
Figure 3. Sieve analysis of sediments used in Case 1
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2.2. Results and analysis
2.2.1. Case 1
Figure 5 shows the scour pattern around abutments with nonuniform sediment. As shown in
the figure, armor layer can be clearly noted on top of the scouring region around abutments.
In both upstream and downstream of the abutment, coarse sediments were distributed equally
around the scouring area. From experimental observation, the formation of armor layer greatly
affects the maximum scour depth. Due to armor layer, the time needed to reach maximum
scour depth is less than 24 hours.
Typical scour patterns around square and round abutments under different covered condi‐
tions were mapped. Figure 6 shows the contours around round abutment under both smooth
cover and rough cover in the same flow conditions. Under both the covered conditions, the
maximum scour depth is located at 60–70 degrees facing upstream. Additionally, rough cover
can yield a relative larger scour compared to that from smooth cover as shown in Figure 6.
In all, 36 maximum scour depths are plotted in Figure 7, in which 18 are from a square abutment
and 18 from a round abutment. Figure 7 shows the difference in maximum scour depth
between the two types of abutments under different flow conditions. Based on Melville [19],
the shape factor for square abutment in open channels is assumed as 1.0, while for the abutment
with a round head, the value is assumed as 0.75. Figure 7 indicates that under both open
channel and ice-covered conditions, square abutment generates a relatively larger maximum
scour depth compared to the round abutment.
In order to compare the difference between square and round abutment, densimetric Froude
number (Fo) can be calculated by using the following:
r r= D 50/ ( / )o oF U g D (2)
where g is the gravitational acceleration, Uo is the approaching velocity, ρ is the mass density
of water, while the Δρ is mass difference between sediment and water. D50 is the median grain
size of sediments. An analysis using the densimetric Froude number is conducted to quantify
the impact of abutment shape on maximum scour depth.
Furthermore, ice cover has a significant impact on the dimensions of the scour hole. In open
channels, around the square abutment, the scour hole has a smaller slope compared to the
scour holes under ice cover. It is also interesting to note that around the round abutment, the
area of scour hole under the ice cover is larger than that of open channel. With the increase in
ice cover roughness, there is a corresponding increase in scouring area. Around the square
abutment, the scour hole retains a similar pattern with or without ice cover. While for round
abutment, the scour hole under ice cover is larger than that from smooth cover and open
channel.
To further examine the role of the ice cover, Figure 8 is plotted.
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From Figure 8, at least two observations can be noted. Firstly, under all cover conditions, the
overall trend of maximum scour depth increases with the increase in densimetric Froude
number. Secondly, for a given Fo, the rough ice cover yields the largest maximum scour depth,
while open channel has the smallest value. The data in Figure 8 also indicates the impact of
ice cover on maximum scour depth. As mentioned previously, armor layer was detected in
the scouring area around abutments.
 
ρ
Δρ
  
Figure 5. Scour pattern with nonuniform sand from Case 1
Figure 9 shows armor layer sieve analysis compared with the original sediment sieve analysis.
From the photos, it is interesting to note the proportion of coarse particles in the scouring area.
Additionally, comparing the two analysis curves, it should become apparent that a smaller
D50 yields small difference between armor layer and original sand, because smaller D50 for
nonuniform sediment implies less coarse particles, hence the sediment size in the armor layer
would decrease accordingly. Less coarse particles in the armor layer will provide less protec‐
tion to foundation. Hence, a relatively larger maximum scour depth would be formed.
Dimensional analysis provides a convenient way for building a framework for parameters on
which the maximum scour depth depends. Given the complexity of the interaction of various
parameters, NCHRP [24] identified five major groups of dimensionless parameters affecting
the maximum scour depth. However, there is still no clear indication on the impact of
nonuniformity. In other words, the ice cover impact was not considered. Therefore, it is
necessary to conduct a dimensionless analysis to investigate the ice cover impact on maximum
scour depth. The following relationship can be noticed regarding maximum scour depth:
r r=max 50( , , , , , , , , , , )s b id f U g d n n D l B H (3)
where
dmax is the maximum scour depth around the abutment,
U is the mean approach velocity,
ρ is the mass density of the water,
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ρs is the mass density of nonuniform sediment,
d is the armor layer grain size,
nb is the Manning’s coefficient for the channel bed,
ni is the Manning’s coefficient of ice cover,
D50 is the median grain size,
l is the abutment width,
B is the flume width, and
H is the approaching water depth.
In the above relationship, the terms g, ρ, and ρs can be eliminated by introducing a combining
parameter for a flow-sediment mixture. Additionally, abutment blockage ratio is also kept
constant in the case study. To include the impacts of nonuniformity and armor layer, Meyer-
Figure 6. Scour profile around round abutment
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Peter and Müller [20] developed the following equation by using one mean grain size of the
bed to calculate the sediment size in the armor layer:
( )= 90 3/ 21/61 /
SDd
K n D (4)
Figure 7. The dimensionless maximum scour depth variation with densimetric Froude number
Figure 8. The comparison of dimensionless scour depth under different cover conditions (h is the flow depth)
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where
d is the armor layer sediment size,
S is the channel slope,
D is the mean water depth,
K1 is the constant number, which equals to 0.058 when D is in meter,
n is the channel bottom Manning’s roughness, and
D90 is the bed material size where 90% of the composition is finer.
Since the armor layer particle size is of the main interest here, d is introduced in the calculation
of the densimetric Froude number:
( )r r= -' / / 1o sF U gd (5)
Figure 9. Samples of armor layer particle size and distribution curves
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Figure 10 shows the variation of dimensionless maximum scour depth dmax/d with Fo´ around
both square and round abutments under all three flow conditions. It should be noted that
under all flow conditions, with the increase in Fo´, the value of dmax/d increases correspond‐
ingly. Around both square and round abutments, under the same Fo´, the rough ice cover has
the largest dimensionless maximum scour depth. Smooth ice cover has the second largest
value. Meanwhile, the largest dimensionless maximum scour depth is located around square
abutment in all flow conditions.
 
Figure 10. The dimensionless Froude number around both abutments under different cover conditions
From the above analysis, it is clear that ice cover has strong influence on local maximum scour
depth around abutments. But rough ice cover has an even stronger impact.
Manning’s roughness coefficient is between 0.01 and 0.0281 based on supporting field data as
well as the observed ice cover characteristics [4]. In the case study, the Manning’s coefficient
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of 0.013 was adapted in accordance with Mays [18] for smooth ice cover. Rough ice cover was
created by attaching small cubes with dimensions of 2.5 cm × 2.5 cm × 2.5 cm. The following
equation was applied to calculate the Manning’s coefficient [16]:
= 1/60.039i sn k (6)
where
ks is the average roughness height of the ice underside.
In the first case study, rough ice cover has a Manning’s coefficient of 0.021, which is located in
the range as suggested by Carey [4]. The channel bed roughness is calculated by using the
following equation from Hager [11]:
= 1/6500.039bn D (7)
As suggested by Wu et al. [30], the following relationships were developed to show the
maximum scour depth under ice cover around square and round abutments:
-3.73 1.78 0.77 3.01max 50( ) ~ ( ) ( ) ( ) ( )isquare o
b
d D n HFd d n d (8)
-8.60 4.30 1.00 3.00max 50( ) ~ ( ) ( ) ( ) ( )iround o
b
d D n HFd d n d (9)
The exponent of each parameter from the above relationships can be used to indicate the
potential impact. The exponent of Fo, ni/nb, H/d is positive, while the exponent of D50 /d is
negative. From the previous discussion, densimetric Froude number has a positive impact on
maximum scour depth. Moreover, compared to the ice cover roughness, armor layer particle
size also has a strong impact on the dimensionless maximum scour depth. With the increase
in armor layer particle, the maximum scour depth decreases. This conclusion is in line with a
previous study conducted by Sui et al. [26]. In natural river engineering, a mixture of coarse
sediments in the vicinity of bridge foundations has the potential to reduce maximum scour
depth.
2.2.2. Case 2
Figure 11 shows the impact of ice cover on bridge pier. Only one type of ice cover was used.
Some of the results are presented by Wu and Balachandar [29]. At certain water depth, in this
case, H = 108 mm, the scour contour and scour profile in the flow direction under ice cover is
always larger than that in an open channel. The scour profiles in the flow direction also share
some similarity. For example, the scour profiles almost overlap with each other in the upstream
direction. While in the downstream of pier, the ice cover can clearly result in a movement of
ridge toward downstream.
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Figure 11. Scour comparison around piers under open channel (Group A) and ice cover (Group B) [29]
From the graphics presented above, the impact of ice cover on the local scour at bridge pier
can be studied. It is evident from both case studies that, with the presence of ice cover, the
maximum scour depth as well as the scour profile are increased.
2.2.3. Velocity profile under ice cover
By using the ADV data, the instantaneous velocity around the square abutment inside the
scour hole was analyzed. The maximum scour depth is located at the upstream corner for the
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square abutment. After each experiment, the velocity profile was measured at the upstream
corner. Here, the parameter of interest is the maximum scour depth, so the velocity profile at
the maximum scour depth location was plotted. The three-dimension velocity u, v, w in open
channel, under both smooth ice cover, and rough ice cover are plotted in Figures 12 and 13.
For different sediments, the velocity profiles in the scour hole are slightly different. From these
figures, one can notice the following:
• In open channel, the velocity in the X direction (flow direction) has the largest magnitude,
while the velocity in Y direction (transverse direction) is second largest. One can also observe
in open channel, the velocity in the X and Y directions changes direction from positive to
negative or from negative to positive. Compared to the change of velocity direction in X and
Y directions under ice cover, the open channel has the most turbulence in both the X and Y
directions.
• Under ice-covered condition, the velocity magnitude in the Y direction has the largest
magnitude followed by the velocity magnitude in X direction. This trend is clear in Figure
13 under both smooth and rough ice cover. At the same flow depth, the velocity in the Y
direction inside the scour hole under rough ice cover has the largest value.
• Due to the impact of ice cover on the flow, the velocity in the Z direction is significant‐
ly  different  compared  to  that  of  open  channels.  Under  ice-covered  condition,  the
magnitudes in Z direction are larger than that from open channels. While under rough
ice  cover,  the  velocity  gradient  in  Z direction is  the  largest.  With decreasing D50,  the
velocity in Z direction increases correspondingly. This is attributed to the presence of ice
cover,  which pushes the flow down toward the channel  bed.  A larger scour depth is
formed.  With  the  increase  in  ice  cover  roughness,  the  velocity  in  Z  direction  is  in‐
creased correspondingly. With the decrease in D50 and increase in ice cover roughness,
the variation of velocity in Z direction is obvious.
• Above the scour hole, the velocity gradients in both X and Y directions are decreased. The
maximum velocity in X and Y direction is located at about the mid-depth from bottom of
scour hole to the ice cover as shown in Figure 13.
2.2.4. Shear stress analysis
Bed shear stress and shear velocity are fundamental variables in river hydraulics to calculate
the  sediment  transport,  scour,  and  deposition.  Dey  and  Barbhuiya  [6]  developed  the
Reynolds stresses method which is  widely used by engineers.  Biron et  al.  [3]  compared
several methods for bed shear stress calculation. For complex flow calculation, turbulent
kinetic  energy (TKE) method provided the best  estimate of  bed shear stress  as  it  is  not
affected  by  local  streamline  variation  and  it  takes  into  account  the  increased  turbulent
fluctuations.  Using ADV data,  Biron et  al.  [3],  MacVirar  and Roy [17],  and Acharya [2]
concluded that the TKE method is the most reliable to estimate the bed shear stress. Acharya
[2] employed the TKE method for calculating bed shear stresses around spur dikes, yielding
satisfactory results.
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Figure 12. Three-dimensional velocity profile under different cover conditions (D50 = 0.58 mm)
Near-bed velocities were measured by placing the ADV probe in the scour hole. Three-
dimensional velocity vectors were collected. For the instantaneous velocity component u, v,
w in the X, Y, Z direction, the time-averaged velocity can be given as:
= + = + = +' ', , 'u u u v v v w w w (10)
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where u´, v´, w´ denote the turbulent fluctuations in X, Y, and Z directions. The collected
velocities at each point were processed to calculate the mean flow and turbulence character‐
istics at each point.
Figure 13. Three-dimensional velocity profile under different cover conditions (D50 = 0.47 mm)
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The bed shear stress was calculated by using TKE method as:
( )t ré ù= + +ê úë û2 2 21 1 ' ' '2b C u v w (11)
where C1 is a proportionality constant which equals 0.19 [13]. Due to the fact that instrument
noise errors associated with vertical velocity fluctuations were smaller than that of the
horizontal velocity fluctuations, the above equation then can be simplified as:
( )t r= 22 'b C w (12)
where C2 = 0.9.
From discussions in Section 2.2.3, the velocity in Z direction plays a crucial role for the scouring
process under ice cover. Hence, the above equation was used for calculation. The total bed
shear stress in the scour hole can be expressed in dimensionless form as:
t t t= 0ˆ /b (13)
where τ0 is the bed shear stress of the approaching flow calculated from τ0=ρU*c2, where U*c is
the critical shear velocity.
Figure 14 shows the variation of dimensionless shear stress at different elevations around the
square abutment in open channel flow, smooth ice cover, and rough ice cover. The following
conclusions can be drawn:
• Under rough ice cover condition, the rate of change of dimensionless shear stress is the
largest compared with smooth ice cover and open channel. A larger bed shear stress is
needed for the incipient motion in the scour region.
• Finer particles need relatively less dimensionless shear stress for the scouring under the
same flow and cover conditions.
• Under rough ice cover condition, the dimensionless bed shear stress at the underside of ice
has a relatively large magnitude. Additionally, the variation of dimensionless shear stress
under ice cover has a shape of “S” as shown in Figure 14. However, more research should
be conducted to validate this.
3. Conclusion
Ice cover and nonuniform sediment are two critical parameters for the development of scour
around hydraulic structures, such as bridge piers and abutments. By using two case studies,
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the impact of ice cover is presented in the chapter. With an increase in the densimetric Froude
number, there is a corresponding increase in the dimensionless scour depth. For same
nonuniform sediment, due to the formation of armor layer, less maximum scour depth was
noted around bridge foundation structures. The increase in ice cover roughness can also result
in a larger scour depth and profile. By analyzing the ADV data collected from Case 1, it was
found that the velocity magnitude in Z direction is larger under ice covered flow in the scour
hole than that under open channel flow. The velocity magnitude in Y direction has the largest
magnitude under ice cover. More research is required to gain sufficient insight into the impact
of ice cover on the local scour around hydraulic structures.
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Figure 14. Comparison of measured dimensionless shear stress under different conditions
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